Stress radiographs are useful in determining the amount of ligamentous laxity present following trauma. The results may be helpful in determining diagnosis, surgical indications, and the type and timing of rehabilitation. Some techniques for obtaining stress radiographs involve specific patient positioning or manually applied force; others require use of a particular testing device. Stress radiographs may be obtained for a variety of anatomic areas and joints. The parameters that define abnormality on stress radiographs should be compared with those of clinical findings. The use of common and novel methods to obtain stress radiographs has led to improved identification and diagnosis of many orthopaedic pathologies. Some of these techniques have been developed with the aim of reducing patient discomfort or minimizing the clinician's exposure to radiation.
S tress radiographs can be useful for diagnosis and surgical planning in the patient with suspected ligamentous laxity resulting from trauma, especially when initial physical and radiographic examinations are inconclusive (Table 1) . Patient self-positioning is adequate to obtain stress radiographs in the cervical spine, pelvis, and foot. Physician manipulation of affected joints and the use of testing devices (eg, Telos Stress Device; METAX Kupplungs und Dichtungstechnik GmbH, Marburg, Germany) may be needed for adequate imaging of other anatomic sites. Despite the many advances in imaging modalities, stress radiographs remain an integral part of decision making in the field of orthopaedics.
Cervical Spine Instability
Flexion and extension lateral stress radiographs are useful in diagnosing cervical spine instability. The alert patient is asked to flex and extend the neck as much as is comfortable. The flexion view is most helpful in detecting ligamentous injury and soft-tissue integrity; the extension view, which normally demonstrates mild lordosis, may be helpful in diagnosing further injury (eg, disruption of the anterior longitudinal ligament, unilateral articular pillar fracture). Flexion/extension views are not recommended for the obtunded patient.
1-3 Such a patient is unable to report pain and neurologic changes during these dynamic studies, and the clinician could inadvertently damage critical neurologic structures.
Lewis et al 4 and Slucky and Eismont 5 recommended the use of flexion/extension radiographs in the conscious, neurologically intact trauma patient with reported neck pain but with no evidence of injury on standard cervical spine radio-graphs. In contrast, Wang et al 1 recommended treatment with a cervical collar for 1 to 2 weeks to allow time for the pain and muscle spasm to abate, which in turn would allow full flexion and extension of the cervical spine and reduce the incidence of false-negative results.
Taylor et al 6 demonstrated poor reproducibility in interpreting flexion/ extension radiographs. Commonly used methods of assessing these radiographs may not provide reliable clinical information regarding intervertebral motion abnormalities because of the lack of consistency in defining instability. However, validated computer-assisted methods of assessment have been shown to dramatically improve agreement among clinicians. 6 
Acromioclavicular Joint Injury
The initial classification system for acromioclavicular joint injury was based on findings from AP shoulder radiographs with 15°cephalad angulation of the x-ray beam. 7 To obtain a stress radiograph of the acromioclavicular joint, a 5-kg weight is strapped to each wrist ( Figure 1 ). The normal acromioclavicular joint space distance is 3 to 8 mm on this view, and the distance between the coracoid process and the inferior edge of the distal clavicle is 10 to 13 mm. The greater the distance, the more severe the injury.
Ligamentous Instability of the Elbow
Valgus instability of the elbow is determined based on patient history and physical examination. Although a single traumatic event can cause valgus instability, the disorder is usually the result of chronic excessive repetitive stress (eg, during the late cocking and early acceleration phases of pitching). Ellenbecker et al 8 performed bilateral testing on 40 uninjured professional baseball pitchers using a Telos stress device. Joint space width between the trochlea and the coronoid process was measured with and without valgus stress on AP radiographs. No significant differences were found in medial joint space measurements either when nonstressed dominant elbows were compared with nonstressed nondominant elbows (3.53 ± 0.59 mm vs 3.58 ± 0.60 mm, respectively) or when stressed dominant elbows were compared with stressed nondominant elbows (4.72 ± 1.23 mm vs 4.46 ± 0.86 mm, respectively). However, the authors found the joint space opening to be larger in stressed dominant elbows than in stressed nondominant elbows. Stressed dominant elbows were found to open 1.20 ± 0.97 mm more than did nonstressed dominant elbows, and stressed nondominant elbows were found to open 0.88 ± 0.55 mm more than did nonstressed nondominant elbows (P < 0.01). This study confirms that in uninjured pitchers, there is increased medial elbow laxity in the dominant arm compared with the nondominant extremity. Gravity valgus stress radiography has also been used to diagnose elbow valgus instability. 9 The patient is placed supine with the shoulder in external rotation, with the proximal arm secured and the forearm free to hang off the radiography table. An AP radiograph of the elbow is taken with the arm in 20°to 30°of flexion; the elbow is allowed to undergo a valgus stress moment by means of gravity alone. Radiographic measurements of the medial ulnohumeral distance before and after the applica- tion of stress are then compared. Lee et al 10 determined that an uninjured elbow can demonstrate a significant amount of medial ulnohumeral gapping on the valgus stress view, which can lead to a falsepositive assessment of valgus instability. The authors recommended acquiring radiographs of the affected elbow and the contralateral elbow to compare differences in medial ulnohumeral gapping.
Forearm and Hand
Fracture of the proximal radius can result in an Essex-Lopresti injury to the interosseous membrane. Thus, radiographs of the elbow, forearm, and wrist are mandatory in the patient with this fracture. The clenched-fist AP view of the wrist is valuable in identifying an EssexLopresti fracture because subtle ulnocarpal changes may be evident in this stressed view.
Disruption of the ulnar collateral ligament of the metacarpophalangeal joint (ie, gamekeeper's thumb) is often diagnosed clinically. This condition presents with laxity along the metacarpophalangeal joint on valgus stress >30°(or 15°compared with the contralateral noninjured thumb). Bowers and Hurst 11 used stress radiography and single-contrast arthrography to examine gamekeeper's thumb in 20 patients. They developed a cassette-carrying device with which both thumbs could be abducted simultaneously while an image was obtained ( Figure 2 ). Stress views were considered positive when the injured joint abducted at least 10°more than the contralateral joint. When both joints were injured, instability was defined as joint abduction >3 standard deviations from the mean. Joint instability >30°war-rants surgical treatment only when a displaced or trapped ulnar collateral ligament is demonstrated on arthrography. The patient without such disruption is treated with 4 weeks of thumb immobilization.
Wrist: Scapholunate Ligament Injury
Injury to the scapholunate interosseous ligament is the most common ligamentous cause of carpal instability. 12, 13 Failure to diagnose this injury can lead to the development of dorsal intercalated segmental instability. Static instability can be seen on standard PA and lateral radiographs of the wrist. Dynamic instability is seen only when the wrist is placed in nonstandard (ie, stressed) positions, such as extreme ulnar or radial deviation, and the clenchedfist view. During stress radiography of the wrist, the examiner's left hand stabilizes the patient's forearm, proximal to the ulnar styloid, while the surgeon's right hand holds the patient's hand firmly distal to the carpometacarpal joint. Dorsal and volar stresses are applied to the hand, generating volar and dorsal transposition.
Ozçelik et al 14 Figure 3 ). All patients were examined without anesthesia. Of the 22 patients, 18 were positive for dynamic scapholunate instability. The authors concluded that stress tests are useful in the evaluation of the patient with a painful wrist in whom routine and special radiographic views do not demonstrate scapholunate dissociation. Lawand and Foulkes 15 described a modified clenched-fist scapholunate stress view, in which the patient is asked to grip a pencil with both fists, with the index fingers tightly apposed to each other and with the thumb metacarpals lying on a cassette. This positioning produces a precise self-labeling radiographic view of the scapholunate joint that combines the stress dynamism of the clenched-fist view with the optimal pronation angle.
Pelvic Instability
Pelvic stability is dependent on ligamentous structures in various planes. Vertical instability is defined as ≥1 cm cephalad migration of one hemi- 
Figure 2
Stress Radiographs in Orthopaedic Surgery pelvis. 16 Bucholz 17 recommended a push-pull test in which, under radiographic control, the examiner pushes up on one extremity while pulling down on the other. This maneuver is then reversed, and the maximal displacement between the two images is determined. When cephalad displacement of >1 cm is possible with this test, the fracture is classified as vertically unstable. Push-pull testing should not be performed in the acutely injured patient with ongoing hemodynamic instability or in the patient with zone II (ie, through the foramina) or III (ie, spinal canal involvement) sacral fracture because of the danger of neurologic injury.
The patient who presents with chronic pelvic pain following injury may have underlying instability. Siegel et al 18 evaluated 38 consecutive patients with pelvic pain and history suggesting injury. Standard radiographs were obtained, including supine AP, inlet/outlet, and standing AP views. A single-leg standing gravity stress view was obtained for each leg to assess for instability. Change in alignment between the two views of >0.5 cm confirmed a positive test (Figure 4) . Displacement was always seen as a difference in height of the symphyseal bodies, suggesting injury to the symphysis pubis. The authors concluded that the single-leg stance stress view is more sensitive than supine views and that the former should be obtained in patients without an obvious source of their pelvic pain to evaluate for occult instability.
Hip Joint Instability: Acetabular Fracture
Hip stability following acetabular fracture is inversely related to the size of the posterior acetabular fragment. 19 Dynamic fluoroscopic stress views are helpful in identifying subtle instability in the patient who is initially slated for nonsurgical treatment. Findings suggestive of subtle instability include 45°roof arcs, 10-mm subchondral arc on CT scan, <50% posterior wall displacement, and congruence on AP and Judet views. 
Knee

Patellofemoral Instability
Patellofemoral instability is common in adolescent persons. However, it may be underestimated or undetectable on standard radiographic assessment because the knee joint is often congruous at rest. Apprehension and pain on manual patellar manipulation (ie, positive Fairbank sign) is one of the most reliable means of diagnosing patellofemoral instability. 21 CT and MRI may be useful in diagnosing patellofemoral instability. 21, 22 However, despite their advantages (eg, identification of concurrent ligamentous injury, osteochondral damage, and effusion), these methods have not proved to be suitable for routine clinical use because of their specificity, complexity, and expense.
To assess dynamic patellar instability, Fukui et al 22 obtained axial radiographs under valgus and external rotation stress at 45°of knee flexion with and without contraction of the quadriceps muscle. The authors measured the lateral patellofemoral angle and the congruence angle and compared them with conventional Merchant views (Figure 5) . With both parameters, greater differences were noted between symptomatic and normal knees on the stress radiographs obtained without quadriceps contraction. A significant difference was found in lateral patellofemoral angle between the two groups (P < 0.0001). The congruence angles on stress radiography had a significant correlation with functional scores following nonsurgical treatment and a positive correlation with the frequency of patellar subluxation (P < 0.0001). With the quadriceps contracted, the patella reduced into the trochlear groove in all normal knees and in approximately 70% of the symptomatic knees; however, subluxation was seen in 30% of symptomatic knees. All of the knee joints with such displacement failed to respond to nonsurgical treatment and eventually required surgical treatment. 22 Teitge et al 21 obtained axial radiographs of the patellofemoral joint in 90 patients (180 knees) with and without a medial or lateral force applied to the patella. A 4-mm increase in medial or lateral excursion of the 
Posterior Cruciate Ligament
Both arthrometer testing and stress radiography have been used to quantify the amount of tibial translation on the femur in knees with posterior cruciate ligament (PCL) lesions. [23] [24] [25] [26] Schulz et al 26 obtained posterior stress radiographs of 1,041 patients with PCL lesions. All patients were tested with an applied posterior force 
Figure 4
Stress Radiographs in Orthopaedic Surgery using the Telos device with the knee in 90°of flexion. The authors found that absolute posterior displacement >8 mm is indicative of PCL insufficiency. Tibial displacement >12 mm should alert the surgeon to the possibility of additional injuries to secondary restraining structures. However, Margheritini et al 27 found
that stress radiographs performed through hamstring contraction gave the same results as did those performed with the Telos device at 90°o f knee flexion. Mariani et al 28 used serial stress radiography and MRI to evaluate PCL healing. They suggested that complete PCL tears with >12 mm posterior subluxation, as well as combined posterolateral corner injuries, are less likely to heal completely than are isolated PCL injuries.
Medial Collateral Ligament
Sawant et al 29 correlated medial collateral ligament radiographic stress test findings with those on arthroscopy. In the test, the patient is under general anesthesia, and the injured knee and the normal knee are firmly bound together. Valgus stress is applied to both knees simultaneously, and a radiograph is taken. The opening of the medial joint space is measured as the perpendicular distance between the tangents drawn to the subchondral bone of the femoral condyles and the most medial point of the tibial plateau ( Figure 6 ). A medial joint space opening ratio between the two knees ≥2:1 is indicative of an anterior cruciate ligament or PCL rupture in addition to medial collateral ligament injury.
29
Ankle
Syndesmotic Injury
Ankle syndesmotic injury typically involves an external rotation force applied to the foot relative to the tibia. Associated fractures include pronationexternal rotation (Weber type C), supination-external rotation (Weber type B), and Maisonneuve. Injuries to the ankle syndesmosis involving a fibular fracture >3 cm but ≤4.5 cm above the joint and a ligamentous medial injury are thought to require syndesmotic fixation. 30 However, the use of standard radiography and biomechanical criteria has been inadequate in diagnosing syndesmotic disruption. 31 Clinical diagnosis of syndesmotic disruption with acute malleolar fractures is known to lack sensitivity and specificity. 32 Preoperative manual stress examination of rotational malleolar fractures increases the rate of detection of unstable syndesmotic instability. The leg is stabilized in approximately 10°of internal rotation (mortise view) with the ankle in neutral dorsiflexion. An external rotation force is applied to the ankle. Widening of the medial joint space or syndesmosis indicates ligamentous injury.
The Cotton test is performed intraoperatively. A reduction clamp is placed around the fibular fixation, and a laterally directed force is applied. The examiner simultaneously internally rotates the leg and dorsiflexes the ankle to 90°t o obtain a mortise view. 31, 33 After surgical fixation of a Weber type B fracture, intraoperative stress radiographs should be obtained to evaluate for the presence of syndesmotic disruption.
The following radiographic parameters have been proposed as being indicative of syndesmotic injury: increased tibiofibular clear space, decreased tibiofibular overlap, and increased medial clear space. [34] [35] [36] [37] The tibiofibular clear space is measured 1 cm proximal to the plafond and should be <6 mm in the AP view and the mortise view. In the AP view, tibiofibular overlap should be >6 mm or >42% of the width of the fibula; in the mortise view, the overlap should be >1 mm. 37 In the mortise view with the ankle in neutral position, the medial clear space measurement should be equal to or less than that of the superior clear space between the talar dome and the tibial plafond. An increase in the measured medial clear space of >4 mm is indicative of deltoid ligament injury. Increased tibiofibular clear space is the most reliable indicator of syndesmotic injury. 5°of external rotation to 25°of internal rotation. Thus, measurement of this width is not dependent on the position of the extremity relative to the x-ray beam. In contrast, tibiofibular overlap and medial clear space were found to progressively decrease with internal rotation.
Deltoid Ligament Injury
Differentiation between stage II-and stage IV-equivalent supination-external rotation fractures (based on the Lauge-Hansen classification) is of clinical importance because the treatment is different for each. External rotation manual stress or gravity stress radiographs are used for differentiation. [38] [39] [40] Gravity stress views are obtained by placing the patient in the lateral decubitus position on the injured side, allowing the distal one half of the leg as well as the ankle and foot to extend beyond the end of the examination table. A mortise view is obtained with the leg in 10°o f internal rotation. Benefits of gravity stress examination include reduced radiation exposure to the physician and less patient discomfort.
Recent studies indicate that a stressed medial clear space measurement ≥5 mm is the most reliable criterion for predicting deep deltoid ligament injury. 41 Using 4 mm of medial clear space as the criterion for a positive stress test, Egol et al 42 reported good to excellent results with nonsurgical treatment in patients with a positive stress radiograph and no clinical symptoms of medial-side injury. Furthermore, Koval et al 43 reported that nonsurgical treatment was effective in patients with a partially intact deep deltoid ligament. McConnell et al 44 found signs of medial swelling, tenderness, and ecchymosis to be neither sensitive nor specific as indicators of deltoid incompetence and, by extension, of surgical treatment.
Chronic Lateral Collateral Ligament Laxity
On the AP view, comparison of talar tilt angle in the injured and contralateral normal ankle provides some indication of the severity of ligamentous laxity. Typically, cutoff values for the tilt angles are arbitrarily chosen to delineate the level of laxity: <5°(mild), 5°to 15°( moderate), >15°(severe). However, there is a large overlap of ranges for normal and abnormal angles, and the correlation with MRI findings is poor. 45 Anterior drawer stress radiographs can be obtained either manually or with a mechanical device (eg, Telos) ( Figure 7 ). In the anterior drawer test, force is applied to the distal tibia in a posterior direction, and a lateral radiograph of the ankle is obtained. Gould et al 46 cited an increase of 4 mm in the "fore n' aft" stress measurement on the anterior drawer test as being indicative of instability. Beynnon et al 47 compared four methods of measuring talar displacement. The plafond-to-dome measurement (ie, separation between the posterior margin and the nearest point on the talar dome as measured in millimeters) was the most useful for characterizing the position of the talus relative to the tibia on stress radiographs. The percentage of ligamentous tear is quantified by analyzing graded stress radiographs, in which the talar tilt angle or the anterior drawer is measured through a range of applied forces, and force-elongation relationships (ie, stress-strain curves), which are derived from the displacement of bony landmarks as viewed on plain radiographs. Graded stress radiography has made possible a grading system that is based on the actual damage to the ligaments involved rather than on clinical findings. Grade 0 represents intact lateral ligaments equivalent to the comparable contralateral ligaments, and grade IV represents complete tear of the anterior talofibular and the calcaneofibular ligaments. This system has been validated with surgical exploration. 48 The Telos stress device (METAX Kupplungs und Dichtungstechnik GmbH, Marburg, Germany) facilitates placement of the area of interest into the proper stress position, thereby enabling assessment of potential ligamentous injury during radiographic stress examination. (Reproduced with permission from METAX Kupplungs und Dichtungstechnik GmbH, Marburg, Germany, http://www.telos-stress-device.com.)
Figure 7
Stress Radiographs in Orthopaedic Surgery
Foot: Lisfranc Joint Instability
The patient with injury to the Lisfranc complex (ie, tarsometatarsal [TMT] joint instability) may be symptomatic but stable or may present with a painful, unstable foot. Sherief et al 49 found a high incidence of missed Lisfranc injuries on radiographs, even by experienced observers. Physical examination usually reveals midfoot swelling, especially on the dorsal aspect, with tenderness in the area of the TMT joint, along with plantar medial ecchymosis. Ross et al 50 recommended that the surgeon look for plantar ecchymosis in the presence of normal or suggestive radiographs, a swollen midfoot, and a history that suggests the possibility of injury to the TMT joint. The finding of plantar ecchymosis is strongly suggestive and should prompt evaluation of the injury with stress radiographs or by fluoroscopy under anesthesia. As many as 20% of TMT joint injuries may not be visualized without appropriate stress radiographs. 51 CT scans in particular can be helpful in determining associated injuries that are not detected radiographically. Although MRI scans are capable of demonstrating tears of the Lisfranc ligament complex, this modality has limited diagnostic accuracy. 52 Despite the rarity of TMT joint instability, the natural history of untreated lesions is so poor that the clinician must rule it out at the slightest suspicion. 53 An AP radiograph should be acquired and evaluated for a continuous, smooth contour of the second metatarsal and middle cuneiform. The first intermetatarsal space should be continuous with the space between the first two cuneiforms (Figure 8, A) . On the oblique view, the fourth metatarsal and the cuboid should maintain a smooth contour, as should the lateral borders of the third metatarsal and the lateral cuneiform (Figure 8, B) . The lateral view should be examined for alignment of the second metatarsal and the middle cuneiform in the transverse plane. Displacement >2 mm or the presence of a fleck sign confirms the injury and may be an indication for surgical stabilization ( Figure 9 ).
Stress views can be obtained either on weight-bearing radiographs taken 10 to 14 days after injury or by clinician manipulation. With the latter, the hindfoot is stabilized, and an abductionadduction moment is applied to the forefoot. Coss et al 54 found that in patients with normal medial overhang of the first metatarsal, a line tangential to the medial borders of the navicular and medial cuneiform intersected the base of the first metatarsal. The first metatarsal was consistently shown to deviate laterally with abduction stress after sectioning of the Lisfranc ligament and the dorsal intermetatarsal ligaments. Anatomic reduction and fixation is required in the patient with >2 mm deviation of the normal bony alignment on stress views or CT scans. To produce a good-quality examination with minimal pain, the use of either an ankle block or adequate sedation is helpful. In a cadaveric study, Kaar et al 55 found that injury-specific manual stress radiographs showed qualitatively greater displacement than did weight-bearing radiographs for both transverse and longitudinal injury patterns.
Distal Femur Physis Injury in the Pediatric Patient
Injuries to the distal femoral physis represent approximately 7% of all pediatric lower extremity physeal fractures. 56 More commonly seen in the distal femur than the proximal tibia, these injuries are often mistaken for collateral ligament injuries. Plain radiographs, including oblique views, may be normal and are not helpful in distinguishing ligament injury from physeal fracture. Thus, stress views of the knee should be obtained (Figure 10 ). Comparison views of the uninjured side may reLisfranc dislocation. A, Initial 30°oblique (left) and AP (right) non-weight-bearing radiographs of a patient who sustained a twisting injury to the foot. These images, which were taken in the emergency department, were read as normal. B, The patient presented with continued pain in the midfoot 2 months after the injury. On the photograph, the left foot demonstrates normal contours (arrow), whereas the injured right foot demonstrates the forefoot shifting into valgus with a prominent medial cuneiform (arrowhead). C, Weight-bearing 30°oblique (left) and AP (right) radiographs obtained 2 months after injury, demonstrating Lisfranc dislocation. 1, The medial border of the fourth metatarsal (MT) is not in line with the medial border of the cuboid. 2, The lateral border of the third MT is minimally displaced from the lateral border of the lateral cuneiform. 3, The third and fourth intermetatarsal space is not continuous with the intertarsal space of the lateral cuneiform and cuboid. 4, The medial border of the second MT is not in line with the medial border of the middle cuneiform. 5, The first MT is minimally displaced from the medial and lateral borders of the medial cuneiform. 6, The first and second intermetatarsal space is not continuous with the intertarsal space of the medial and middle cuneiforms. (Reproduced with permission from http://www.eORIF.com.)
Figure 9
Stress Radiographs in Orthopaedic Surgery veal subtle widening of the injured physis. To obtain a stress view, the patient should be relaxed with good intravenous sedation to alleviate the muscle spasm. No one has quantified the stress required to demonstrate a positive physeal injury.
Close and Strouse 57 evaluated 315 pediatric MRI scans and determined that this modality provides better delineation of nondisplaced physeal fractures than do plain radiographs, while simultaneously allowing evaluation of soft-tissue structures. The authors recommended that MRI be used to investigate questionable bone abnormalities demonstrated on plain radiographs.
Summary
Although MRI scans are capable of demonstrating soft-tissue anatomy in remarkable detail and of providing indirect evidence of ligamentous injury, subtle pathologies may be detectable only with dynamic techniques. Because of space limitations in MRI machines, special stressing equipment (eg, Telos device) cannot be used in conjunction with MRI. Additionally, results with MRI are technique-dependent, and the standards used to interpret the results are not always clearly defined. Variations in patient anatomy can result in diverse findings; thus, imaging of the contralateral extremity may be needed to make a diagnosis. The techniques employed to obtain MRI scans and stress radiographs are sometimes uncomfortable for the patient, and pain medications may be required.
Stress radiographs are integral to the diagnosis and treatment of a variety of orthopaedic conditions. Stress radiography is an inexpensive, quick, and convenient method for identifying and quantifying ligamentous injury. These quantifiable results have direct clinical applicability. Stress may be achieved through patient positioning, physician manipulation, or device-assisted methods. Despite advances in alternative imaging modalities (eg, MRI, CT), stress radiographs remain the most useful type of modality in making the correct diagnosis and prescribing the proper treatment. However, these findings must be interpreted along with the clinical presentation and the patient's native anatomy.
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